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HIGHLIGHTS 


•  Pt  nanotubes  (PNTs)  are  grown  on  FTO  substrates  by  polycarbonate  template  method. 

•  The  PNTs  show  ID  structure,  lower  resistance,  and  good  electrochemical  activity. 

•  The  dye-sensitized  solar  cell  with  PNTs  electrode  achieves  an  efficiency  of  9.05%. 

•  The  efficiency  is  increased  by  25.5%  compared  to  the  DSSC  with  usual  Pt  electrode. 
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Platinum  nanotubes  (PNTs)  are  directly  grown  on  fluorine-doped  tin  oxide  substrates  by  a  facile  poly¬ 
carbonate  template  method.  Morphology  observation  and  electrochemical  measurements  indicate  that 
the  PNTs  show  a  one-dimensional  structure,  lower  charge-transfer  resistance,  larger  exchange  current 
density  and  higher  electrocatalytic  activity  for  iodide/triiodide  redox  reaction.  Using  the  PNT  as  counter 
electrode  and  MgO  as  block  layer  on  Ti02  film,  the  fabricated  dye-sensitized  solar  cell  achieves  a  light-to- 
electric  energy  conversion  efficiency  of  9.05%  under  a  simulated  solar  light  irradiation  of  100  mW  cm-2, 
the  efficiency  is  increased  by  25.5%  compared  to  that  of  DSSC  based  on  conventional  Pt  counter  electrode. 
Higher  efficiency  for  the  PNT  electrode  is  due  its  one-dimensional  nanostructure,  large  surface  area  and 
good  electrochemical  activity  to  iodide/triiodide  couple. 

©  2014  Elsevier  B.V.  All  rights  reserved. 


1.  Introduction 

Considerable  efforts  have  been  devoted  to  dye-sensitized  solar 
cell  (DSSC)  since  its  first  prototype  was  reported  in  1991  [1].  While 
great  progress  on  the  DSSC  has  occurred  over  the  past  decades  [2— 
4].  However,  how  to  enhance  its  efficiency  is  still  a  crucial  problem. 
As  a  component  of  DSSC,  counter  electrode  plays  an  important  role 
in  the  performance  of  DSSC. 

A  counter  electrode  with  high  conductivity  and  catalytic  activity 
is  indispensable  to  a  high-efficient  DSSC.  Various  conductive  ma¬ 
terials,  such  as  platinum,  graphite,  activated  carbon,  carbon  black, 
graphene  single-wall  carbon  nanotubes,  polypyrrole,  polyaniline, 
metal  titanium  and  aluminum  are  used  as  the  counter  electrodes 
[3,5-8].  However,  the  performances  of  these  materials  are  usually 
lower  in  comparison  with  Pt  because  of  its  high  catalytic  activity 
and  corrosion  resistance  to  iodine  in  electrolyte.  And  the  most  Pt 
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counter  electrodes  are  constructed  with  Pt  particle  mesoporous 
film.  Different  methods,  such  as  thermal  decomposition  [3],  elec¬ 
trodeposition  [9],  chemical  reduction  [10]  or  sputtering  [11  have 
been  employed  to  prepare  Pt  particles.  But,  little  significant 
research  on  the  Pt  with  one-dimensional  nanostructure  by  tem¬ 
plate  method  was  attempted.  On  the  other  hand,  the  Pt  nano¬ 
structures  show  excellent  electrocatalytic  activity  for  CO  oxidation 
[12],  ethanol  oxidation  [13]  and  hydrogen  peroxide  response  [14],  it 
is  expected  that  these  properties  can  be  applied  in  DSSC. 

Herein,  Pt  nanotubes  (PNTs)  are  directly  grown  on  fluorine- 
doped  tin  oxide  (FTO)  glass  substrate  by  a  facile  polycarbonate 
(PC)  template  method.  The  resultant  PNTs  show  a  one-dimensional 
(ID)  nanostructure,  high  surface-area  and  good  catalytic  activity. 

2.  Experimental 

2.1.  Materials 

Titanium  isopropoxide  and  4-tert-butylpyridine  (TBP)  were 
purchased  from  Fluka  and  used  as  received.  The  organometallic 
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compound  sensitized  dye  N-719  [RuL2(NCS)2,  L  =  4,4'-dicarbox- 
ylate-2,2'-bipyridine]  was  obtained  from  Solaronix  SA 
(Switzerland).  Chemical  reagents  including  iodine,  lithium  iodide, 
tetramethyl  ammonium  iodine,  isopropanol,  chloroplatinic  acid 
(H2PtCl6),  OP  emulsification  agent  (Triton  X-100)  and  other  re¬ 
agents  were  obtained  from  Shanghai  Chemical  Agent,  P.R.  China 
and  used  as  received.  Conductive  glass  substrates  (fluorine  doped 
tin  oxide  overlayer,  FTO  glass)  were  purchased  from  Hartford  Glass, 
U.S.,  and  were  used  as  substrates  for  precipitating  porous  Ti02  films 
and  Pt  counter  electrodes. 

2.2.  Synthesis  ofPt  nanotubes  (PNTs) 

Fig.  1  shows  the  preparation  process  of  Pt  nanotubes.  Poly¬ 
carbonate  (PC)  template  was  immersed  in  0.5  wt.%  H2PtCl6  iso¬ 
propanol  solution.  After  the  fully  adsorption  of  H2PtCl6  solution  for 
12  h,  the  template  was  transferred  and  clipped  onto  FTO  glass 
substrate.  Then  the  substrate  was  heated  at  115  °C  for  12  h,  which 
caused  the  volatilization  of  isopropanol  and  the  thermal  decom¬ 
position  ofH2PtCl6,  thus,  the  Pt  particles  uniformly  grown  along  the 
PC  wall.  Finally,  the  PC  template  was  removed  by  thermal  decom¬ 
posing  at  450  °C  for  30  min.  For  comparison,  conventional  Pt  par¬ 
ticles  (CPPs)  were  prepared  by  conventional  thermal 
decomposition  method  according  to  reference  [15]. 

2.3.  Preparation  ofTi02  electrodes  and  fabrication  ofDSSCs 

A  Ti02  colloid  was  prepared  according  to  the  method  previously 
reported  [16-18].  Cleaned  FTO  glass  substrates  were  first  treated 
with  150  mM  of  TiCL*  isopropanol  solution  at  70  °C  for  12  h.  A 
Ti02  double  layer  film  with  a  10-pm-thick  and  particles  size  of  10- 
20  nm  layer,  and  a  4-pm-thick  and  particles  size  of  100- 
150  nm  layer  [16]  was  prepared  by  coating  the  Ti02  colloid  on  the 
TiCLj-treated  FTO  substrate  using  a  doctor  blade  technique.  The 
area  of  effective  photoanode  is  1  x  1  cm2.  Additionally,  a  small 
amount  of  Mg(CH3COO)2  was  added  intoTi02  colloid  to  form  block 
layer  [19].  DSSC  was  assembled  by  the  methods  as  described  pre¬ 
viously  [16-18]. 

2.4.  Characterization  and  measurements 

Scanning  Electronic  Microscope  (SEM)  images  were  recorded 
with  an  S-4800  instrument  (Japan)  at  an  acceleration  voltage  of 
5  kV.  The  cyclic  voltammograms  (CVs)  of  samples  was  measured  in 
a  three-electrode  electrochemical  cell  with  an  electrochemical 
workstation  (model:  CHI  660C,  Shanghai  Chenhua  Co.,  Ltd)  by  using 
Pt  electrode  as  working  electrode,  a  Pt-foiled  as  counter  electrode 


and  a  saturated  Ag/AgCl  as  reference  electrode  dipped  in  an 
acetonitrile  solution  of  100  mM  LiCICH,  10  mM  Lil  and  1  mM  I2,  at  a 
scan  rate  of  50  mV  s-1.  Electrochemical  impedance  spectroscopy 
(EIS)  was  performed  using  a  sandwich  cell  configuration  with 
symmetric  electrodes  in  an  acetonitrile  electrolyte  containing 
0.05  M  I2,  0.1  M  Lil,  0.6  M  tetrabutyl  ammonium  iodide  and  0.5  M 
TBP.  A  50  pm  Surlyn  film  was  used  to  separate  the  films  and  to  seal 
the  cells  [20,21  ].  Tafel  polarization  measurements  were  carried  out 
by  similar  method  as  the  EIS  tests. 

The  photovoltaic  test  of  DSSC  was  carried  out  by  measuring  the 
current-voltage  (J—V)  characteristic  curves  under  simulated  solar 
illumination  with  intensity  of  100  mW  cm-2  (AM  1.5)  from  a  100  W 
xenon  arc  lamp  (XQ-500W,  Shanghai  Photoelectricity  Device 
Company,  China)  in  ambient  atmosphere.  The  fill  factor  (FF)  and 
light-to-electric  energy  conversion  efficiency  ( p )  of  the  cell  were 
calculated  according  to  the  following  equations  [3]: 

t-tt  ^max  x  7 max  /-<  n 

FF  =  y  x  7 —  0) 

vOC  XJ  sc 

7]{%)  =  Umax _xJmax  x  100%  =  ^oc  x/sc  x  1Qq%  (2) 

Mn  Mn 

Where  Jsc  is  the  short-circuit  current  density  (mA  cm-2),  Voc  is  the 
open-circuit  voltage  (V),  P[n  is  the  incident  light  power,  and  Jmax 
(mA  cm-2)  and  Vmax  (V)  are  the  current  density  and  voltage  in  the 
J—V  curves  at  the  point  of  maximum  power  output,  respectively. 

3.  Results  and  discussion 

3.1.  Morphology  analysis 

Fig.  2  (a)  shows  the  SEM  image  of  PC  template,  the  template  has 
an  even  hole  distribution,  which  provides  enough  nanochannels  for 
the  growth  of  PNTs.  The  choice  of  PC  template  is  due  to  its  flexibility 
and  easy  adhering  to  the  conductive  glass.  Fig.  2  (b)  shows  the  SEM 
image  of  resultant  Pt  nanotubes  (PNTs)  on  FTO  glass,  it  can  be  seen 
that  deposited  platinum  shows  a  hollow  tube  morphology,  the 
nanotube  length  and  diameter  is  depends  on  the  hole  properties  of 
the  PC  template.  From  the  magnified  SEM  image  shown  in  Fig.  2  (c), 
many  Pt  nanoparticles  exist  on  the  outside  of  the  nanotubes,  which 
enhances  the  PNT  surface  roughness  and  area.  For  comparison, 
conventional  Pt  particles  (CPPs)  were  prepared  [9]  and  shown  in 
Fig.  2  (d),  the  CPP  film  has  a  compact  surface  and  a  lower  surface- 
area.  Owing  to  its  ID  nanostructure  and  high  surface-area,  PNT 
electrode  is  expected  to  have  a  much  improved  electrochemical 
performance. 


(a)  PC  template  (b)  HzPtCIs  solution  (c)  PC  with  IfcPtCU  ^ 


(d)  PC  with  PNTs  (e)  PNTs 


Fig.  1.  Preparation  process  of  Pt  nanotubes. 
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Fig.  2.  (a)  SEM  image  of  PC  template,  (b)  SEM  image  of  PNTs,  (c)  magnified  SEM  image  of  PNTs,  (d)  SEM  image  of  conventional  Pt  nanoparticles. 


32.  Electrochemical  analysis 

Fig.  3  (a)  shows  the  cyclic  voltammogram  (CV)  for  PNT  and 
CPP  electrodes  at  a  scan  rate  of  50  mV  s-1,  in  which  two  pairs  of 
redox  peaks  can  be  observed  for  both  of  the  electrodes.  The 
cathodic  peak  (negative  current)  is  assigned  to  the  reduction  of  I3 


(Eq.  (3))  and  the  anodic  peak  (positive  current)  is  assigned  to  the 
reverse  reaction  (Eq.  (4))  [6]. 

31“  -  2e— >13  (3) 

I3  +  2e— >31“  (4) 


Voltage  (V)  Z7  Q  cm2 


Fig.  3.  (a)  CV  for  PNT  and  CPP  electrodes,  scan  rate  =  50  mV  s  l  (b)  EIS  spectra  of  the  symmetrical  dummy  cells  fabricated  with  two  identical  PNT  and  CPP  electrodes,  frequency 
range  from  100  kHz  to  0.1  Hz;  (c)  Tafel  curves  of  the  symmetrical  dummy  cells  fabricated  with  two  identical  PNT  and  CPP  electrodes. 
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Fig.  4.  (a)  CVs  of  PNT  electrode  for  cycle  time  =  100,  scan  rate  =  100  mV  s-1;  (b)  The  relationship  between  the  cycle  times  and  the  maximum  oxidation  and  reduction  peak  currents 
for  PNT  electrodes,  scan  rate  =  100  mV  s-1;  (c)  CVs  for  PNT  electrode  with  different  scan  rates  (from  inner  to  outer:  25,  50,  75, 100, 125  mV  s-1);  (d)  The  oxidation  and  reduction 
peak  currents  versus  square  root  of  scan  rates. 


The  PNT  electrode  has  a  larger  current  density  for  the  IT 
reduction  and  r  oxidation  than  that  of  CPP  electrode.  The  cathodic 
peak  current  (Ipc)  on  the  PNT  electrode  is  -1.978  mA  cm-2,  and 
which  is  1.6  times  of  that  on  the  CPP  electrode  (-1.237  mA  cm-2), 
which  means  a  faster  redox  reaction  rate  and  a  better  electro- 
catalytic  activity  for  I T/r  redox  couple  on  the  PNT  electrode. 

The  EIS  spectra  for  the  symmetrical  cells  fabricated  with  two 
identical  PNT  and  CPP  electrodes  are  shown  in  Fig.  3  (b).  The 
charge-transfer  resistance  {Rc t)  of  PNT  electrode  is  1.22  Q  cm2  and 
which  is  smaller  than  that  of  CPP  electrode  (2.91  Q  cm2),  the 
smaller  Rct  benefits  the  I3/I-  redox  reaction,  which  is  consistent 
with  the  CV  results  in  Fig.  3  (a).  Similar  phenomena  were  also  re¬ 
ported  inTi02  nanotubes  [22]  and  carbon  nanotubes  [23]  in  DSSCs. 
Detailed  studies  indicated  [24,25]  that  the  charge  recombination  in 
nanotubes  is  much  slower  than  that  in  nanoparticles,  and  which 
results  in  an  improved  charge  collection  efficiency.  Since  the 


transporting  resistant  of  charge  carriers  passing  through  ID 
nanostructures  is  smaller  than  that  crossing  random  particles,  in 
the  latter  case,  more  interfaces  and  interspaces  between  nano¬ 
particles  baffle  the  transportation  of  charge  carriers,  or  the  charge 
carriers  are  captured  in  the  interfaces  and  interspaces. 

To  further  investigate  the  interfacial  charge-transfer  properties 
of  the  I-/ IT  redox  couple  on  the  electrode  surface,  Tafel  polarization 
characterizations  were  carried  out  in  a  dummy  cell  similar  to  the 
one  used  in  the  EIS  measurements  [26,27].  Fig.  3  (c)  shows  the  Tafel 
curves  of  the  dummy  cells  based  on  PNT  and  CPP  electrodes,  the 
curves  show  logarithmic  current  density  (log  J )  as  a  function  of 
voltage  (V).  In  the  Tafel  zone,  the  anodic  and  cathodic  branches  of 
PNT  electrode  shows  a  larger  slope  in  comparison  with  that  of  CPP 
electrode,  which  indicates  the  presence  of  a  larger  exchange  cur¬ 
rent  density  (Jo)  on  the  PNT  electrode  surface.  This  means  that  the 
PNT  electrode  has  superior  catalytic  activity  for  IT  reduction.  In 


Fig.  5.  Photocurrent-voltage  curves  of  the  DSSCs  based  on  PNT  and  CPP  electrodes  (a)  with  and  (b)  without  MgO  layer  on  Ti02  films. 
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Table  1 

Photovoltaic  parameters  of  DSSCs.a 


DSSC  character 

isc(mAcm  2) 

Voc  (V) 

FF 

7?(%) 

PNT  electrode  and  MgO  layer 

16.0 

0.801 

0.698 

9.05 

CPP  electrode  and  MgO  layer 

14.0 

0.797 

0.645 

7.21 

PNT  electrode  without  MgO  layer 

15.8 

0.769 

0.692 

8.41 

CPP  electrode  without  MgO  layer 

14.3 

0.763 

0.631 

6.87 

a  Irradiation  source:  AM  1.5  G 

solar  simulator 

(100  mW 

cm-2) 

at  room 

temperature. 

theory,  J0  varies  inversely  with  Rct  as  shown  in  (Eq.  (5))  [26]. 
Combined  with  the  EIS  results,  the  PNT  electrode  shows  a  lower  Rct , 
which  is  well  agreement  with  Tafel  polarization  measurements  on 
the  whole. 

J»  =  5 W,  <5) 

Where  R  is  the  gas  constant,  T  is  the  temperature,  F  is  the  Faraday 
constant,  and  n  is  the  number  of  electrons  exchanged  in  the  reac¬ 
tion  at  the  electrolyte  and  counter  electrode  interface. 

Briefly,  the  CV,  EIS  measurement  and  Tafel  polarization  results 
indicate  that  the  PNT  electrode  behaves  a  superior  catalytic  activity 
for  IT  reduction,  it  can  be  logically  expected  that  a  DSSC  based  on 
PNT  electrode  will  achieve  an  improved  photovoltaic  performance. 

In  order  to  investigate  the  stability  of  PNT  electrode,  the  CVs  of 
the  electrode  were  measured.  Fig.  4(a)  and  (b)  show  100  consecu¬ 
tive  CV  cycles  of  the  PNT  electrodes  at  a  scan  rate  of  100  mV  s_1. 
During  100  successive  CV  cycles,  no  observable  peak  current 
change  is  found,  suggesting  that  the  PNT  is  stably  immobilized  on 
the  electrode.  On  100  successive  scans,  though  the  peak  current 
density  changes  with  the  scan  voltage,  the  oxidation  and  reduction 
peak  current  scarcely  show  change,  indicating  that  the  PNT  elec¬ 
trode  is  uniform  and  stably  immobilized  on  the  FTO  glass  and  has 
an  excellent  electrochemical  stability  [28,29]. 

Fig.  4(c)  and  (b)  illustrate  a  relationship  between  the  peak  cur¬ 
rent  density  and  the  square  root  of  the  scan  rate,  the  current  density 
versus  v1^2  plots  is  almost  linear.  The  good  linear  relationship  in¬ 
dicates  the  diffusion  limitation  of  the  I T/r  redox  reaction  on  Pt 
electrode,  which  may  be  due  to  the  transportation  of  iodide  ions  in 
PNT  electrode  [28,30,31].  This  phenomenon  shows  that  the 
adsorption  of  iodide  ions  is  hardly  affected  by  the  redox  reaction  on 
the  PNT  electrode  surface,  and  suggests  that  there  is  no  specific 
interaction  between  IT/I~  redox  couple  and  PNT  electrode  [32]. 

3.3.  Photovoltaic  performance  ofDSSCs 

The  photocurrent-voltage  curves  of  the  DSSCs  based  on  PNT 
and  CPP  electrodes  (a)  with  and  (b)  without  MgO  layer  on  the  Ti02 
films  are  shown  in  Fig.  5  and  Table  1.  It  can  be  seen  that  the  DSSC 
based  on  PNT  electrode  has  a  higher  short  circuit  current  density 
C/sc)  and  higher  light-to-electric  conversion  efficiency  (77)  than  the 
DSSC  based  on  CPP  electrode.  According  to  Fig.  3(a)  (b)  (c),  the  PNT 
electrode  has  a  better  electrocatalytic  activity,  larger  exchange 
current  density  C/o)  and  smaller  charge-transfer  resistance  (Fct) 
than  the  CPP  electrode,  which  endows  higher  I T/r  redox  reaction 
efficiency  on  PNT  electrode  than  on  CPP  electrode.  From  Fig.  2,  the 
PNT  has  a  rough  and  accessible  surface,  which  increases  the 
effective  electrolyte/electrode  contact  area  [12],  thus,  more  Pt  can 
be  utilized  to  catalyze  IT  reduction.  Additionally,  the  oriented  one¬ 
dimensional  structures  of  PNTs  provide  a  free  channel  for  electron 
transport  from  the  electrode  to  the  electrolyte  [25],  which  en¬ 
hances  the  charge  collection  efficiency  by  suppressing  the  charge 
recombination  [22,24].  The  above  factors  result  in  an  improved 
photovoltaic  performance. 


Compared  with  Fig.  5  (a)  and  (b)  (Table  1),  MgO  block  layer  on 
Ti02  film  can  improve  the  efficiency  of  the  DSSCs.  The  efficiency  for 
the  DSSCs  with  MgO  layer  is  increased  by  5.39-7.61%  compared  to 
the  DSSCs  without  MgO  layer.  It  is  believed  [14]  that  the  intro¬ 
duction  of  MgO  layer  inactivates  the  Ti02  surface  and  suppresses 
the  dark  reaction  between  Ti02  surface  and  IT  in  the  electrolyte.  On 
the  other  hand,  as  a  Lewis  acid,  MgO  can  bond  with  the  carboxyl 
group  on  dye  and  improve  dye  adsorption,  which  enhances  the 
performance  of  the  DSSC. 

4.  Conclusion 

In  summary,  platinum  nanotubes  (PNTs)  are  directly  grown  on 
FTO  substrates  by  a  simple  polycarbonate  template  method.  The 
SEM  observation  shows  a  one-dimensional  structure  for  the  PNTs. 
The  EIS  measurements  indicate  that  the  PNT  electrode  has  a  lower 
Rct,  larger  J0  and  higher  electrocatalytic  activity  for  P/IT  redox  re¬ 
action.  Using  the  PNTs  as  counter  electrode  and  MgO  as  block  layer 
on  Ti02  film,  the  assembled  dye-sensitized  solar  cell  achieves  a 
power  conversion  efficiency  of  9.05%  under  a  simulated  solar  light 
irradiation  of  100  mW  cm-2,  the  efficiency  is  increased  by  25.5% 
compared  to  that  of  DSSC  based  on  conventional  Pt  counter  elec¬ 
trode.  Higher  efficiency  for  the  PNT  electrode  is  due  its  one¬ 
dimensional  nanostructure,  large  surface  area  and  good  catalytic 
activity  to  I T/r  couple. 
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